Abstract -Among the significant renewable resources, wind power has acquired the spotlight, due to the quick development in wind energy conversion technology. However, the penetration level of wind power cannot be increased randomly for maximum power generation primarily because the wind farms cannot always provide a precise amount of power similar to the conventional synchronous generators. Since the frequency is the most affected by the penetration of wind power due to the variable nature and the less inertia of these turbines, it is necessary to estimate the maximum level of wind energy that can maintain a nominal frequency and does not affect the frequency stability of the power system. In this paper, new procedures to determine the maximum wind penetration level using transient frequency deviation index (TFDI) and based on the center of inertia frequency are presented. The results of procedures are established through the dynamic simulation of WSCC 9-bus test system. By using this method, the critical wind level can be assessed while the system preserves acceptable operation frequency.
INTRODUCTION
Wind power a renewable energy resource has the potential to become one of the crucial energy resources in many countries, because it is pollution free and powered by the abundant availability of wind. However, the wind power cannot be integrated randomly into the grid, due to its fluctuating nature, and less inertia of wind turbine. Wind fluctuation leads to a decrease in the efficiency of the power system to maintain the balance between the generation and demand [1] .The wind turbine is permanently equipped with converters which decouple the turbine from the grid. Consequently, no inertial response will provide y these turbines during frequency events [2] .Therefore the estimation of allowable wind level that maintains system frequency becomes a serious issue.
Several studies have been conducted to investigate the maximum level of wind power that can be integrated into the power system with preserved system operation in stable mode. A study to estimate the ability of the thermal plant to accept the fluctuations of wind power has been done using the composite transfer function by [3] . An approach to finding the maximum size of a wind farm that can be connected to the grid considering voltage stability has been introduced in [4] .A comprehensive study to determine a maximum level of wind farms considering the probabilistic nature of wind speed, transient stability, and frequency stability have been proposed in [5] . By using the strategy of anticipating the frequency characteristics to find the wind power penetration limit for a small island. The method is based on an allowable frequency deviation and number of generators [6] . New techniques have been introduced to estimate the maximum wind penetration level based on inertia response, frequency sensitivity index, and headroom to ensure adequate frequency response [7] , [8] .
It is apparent from the literature that the estimation of maximum wind power is a case of system frequency response which is presented by frequency deviation. However, most of the previous studies do not mention the duration of frequency deviation trajectory going beyond the acceptable frequency as a response to integration of wind power which may lead to insecure system frequency. In this paper, a method to determine the maximum level of wind penetration by protecting a stable system frequency is proposed. By using the transient frequency deviation index (TFDI), the impact of wind power on system frequency is quantitatively assessed by taking the cumulative effect of frequency deviation trajectory into account. The method was also based on the center of inertia frequency which represents a good reflection of the whole system frequencies.
The study provides a simple methodology to estimate the wind power penetration level. The method is simple and there is no need for long computation and historical data. The study was carried out on WSCC9-bus test system. The DSA tools software was used to apply a dynamic simulation.
Sections II of this paper provide an overview of the impact of wind power on system frequency. Section III covers the concept of the estimation method. In Section IV the methodology of the study is introduced. The results are reported in section V, and Section VI is the conclusion and recommendations for future work.
II. THE IMPACT OF INTEGRATION OF WIND POWER ON POWER SYSTEM FREQUENCY
A basic and crucial aspect of a power system is to have a stable operation that is capable of supplying adequate amount of power to meet consumption demand at any given time. If the system produces extra power, the system frequency would increase. If the generated power is less than the system, demand the frequency will decrease [9] .The wind turbines cannot always provide a particular amount of power similar to the conventional synchronous generators. The main difference between the wind turbine and the traditional gas, steam or hydro turbine is the speed of wind turbine, which is nonsynchronous with the grid. Therefore, wind power is not coupled with system frequency [10] . There have been several studies in the literature reporting the impact of wind power on system frequency response and control. The effect of wind power on system transience and frequency stability has been proposed in [11] .These studies consider different wind mix technologies of both doubly fed induction generator (DFIGs) and fixed speed induction generators (FSIGs).The issue of the effect of frequency response and system inertia on wind power is analyzed with different scenarios of interconnection tripping in [12] , [13] . Another study discussed the impact of wind power on frequency control. These studies found that the increase of wind penetration level will change frequency behavior and alert system control [14] , [15] . According to previous literature, the wind power penetration level cannot be increased randomly without taking into account the frequency stability limits.
III. ESTIMATION OF THE MAXIMUM LEVEL OF WIND POWER PENETRATION USING TRANSIENT FREQUENCY DEVIATION INDEX BASED ON COI FREQUENCY

A. Transient frequency deviation index TFDI
The power system frequency protection schemes such as (over/under frequency response-driven and event-driven) are always set to specific limited and duration of frequency deviation. These limits and duration are usually given as two element tables (f cr , t cr ) critical frequency and critical time. The power system stability will breakdown if the frequency deviation exceeds these limits [16] [17] . Consequently, several indices to evaluate the frequency security are introduced due to the relationship between the critical and minimum frequency [14] , [17] [, [18] [19] .However, these indices cannot measure the severity of contingency along with its affecting duration. Also, they are enabled to reflect the deviation trajectory details. Therefore, the Transient frequency deviation index (TFDI) is proposed by [19] to quantitatively assess the frequency security of the power system. TFDI depends on the minimum area surrounded by frequency deviation trajectory and critical frequency figure (1).
The range of the TFDI security margin is [-, 1] . If the security margin is =1, this means that the system is secure, if = 0, the system is in a critical situation, and if <0, this means that the system is insecure from the frequency viewpoint. The value of TFDI depends on the severity of disturbance and can be computed by: 
B. Center of inertia frequency
Center of inertia frequency represents the equivalent frequency of multi-machines power system when the system suffered from credible disturbance because of which the generators frequencies become different [20] . COI frequency can be found by:
where:
H i = inertia constant of generator i, F i = i frequency of generator, N= system generators numbers.
COI frequency provides more information about whole system frequencies compared to single generator frequency only. The inertia constant of COI frequency is larger since it includes the inertia constant of all generators in the power system. Moreover; the oscillation of COI frequency is smaller [21] . Figure ( 2) show COI frequency with system bus.
The COI frequency response to the increase of wind power level as shown in Figure( 3) will be used with the features of TFDI to propose a new method to estimate the maximum penetration level of wind power. The Ability of TFDI to evaluate system frequency by taking into account the cumulated effect of frequency deviation response along its duration. Besides the advantages of COI frequency are to reflect the behavior of all system frequencies and make the method more operative and flexible. To date, there are two approaches to wind power integration. First, is a direct replacement method by which a particular amount of conventional generation is replaced by the same amount of wind generation [5] . The second approach is [2/3-1/3] rule which means wind power added by 2/3 decommitment, 1/3 re-dispatch [22] . In this paper, the direct replacement technique will be used to estimate the maximum level of wind energy, which does not affect the stability of the power system frequency. The proposed method provides a simple methodology by using TFDI, which is based on COI frequency trajectory. The COI frequency curve can be obtained from the dynamic and full-time domain simulation. Figure (4) depicts the flowchart of this method. The method started with selection of weakest frequency bus to penetrate the wind turbine. In order to accurate estimation of the maximum level of wind power that can be added to the system without effect system frequency security, the wind turbine must insert in the weakest bus. Then by using the quantitative method of frequency security assessment using TFDI based on COI frequency the maximum level of wind power can be estimated when the TFDI approximately equal to zero which is mean the critical frequency security level. If more wind power added the system frequency will be insecure 
V. CASE STUDY AND RESULTS
WSCC 9-bus test system shown in figure (5) is used to evaluate the proposed method. The parameters of this system are taken from [5] . The power system and wind turbine are modeled using DSA tools software [23] . For a wind turbine, DFIGs aggregate model provided in DSA tools is used. To estimate the maximum penetration level precisely, the procedures to find the weakest frequency bus are applied first to find the suitable location to connect the wind turbine for accurate estimation purpose. Then the estimations scenarios are applied.
A. Identifying weakest frequency bus
To find the weak frequency bus many contingencies have been implemented to the test system. The TFDI of each bus is calculated. Figures 6, 7 and 8 show the TFDI of each bus with bus numbers for different cases. It can be seen clearly from the results that we get approximately the same pattern for all cases. From the results, it can be observed that buses 2, 5 and bus 7 are the lowest TFDI buses. So these buses can be mentioned as the weakest frequency buses of the system, and they can be selected as wind turbine integration buses to estimate the maximum wind level accurately. 
B. Estimation of maximum wind penetration level
To estimate the maximum level of wind penetration, a dynamic simulation of the test system is performed. First of all, the power flow is run to identify the base operation conditions. Then the wind turbine connects to the weakest frequency bus of the system. The direct replacement technique is used to add the wind power into the system. G3 is a step outage generator and G1 is a slack generator. A disturbance of reducing 20 MW from the system generation is applied while the wind power increases incrementally by 10 MW. The COI frequency trajectory is obtained from time domain simulation, and the TFDI is computed for each step. The wind penetration level at which the TFDI is equal to zero represents the maximum allowable wind penetration level to keep the system frequency secure.
The results in figures 9, 10 and 11 show that the maximum wind penetration level of 9-bus test system is 115MW. These results seem to be in agreement with those obtained by [5] . However, these results show the maximum wind penetration level while the system protects the secure status. In addition with the ability of COI frequency to reflect all system frequencies behavior, the method has the advantages of evaluating the maximum penetration level irrespective of the wind turbine location as it is clear from results. 
VI. CONCLUSION
This paper proposed the methodology to estimate the maximum penetration level of wind power by considering the frequency security of the power system. The identification of the worst frequency bus by using TFDI for individual buses to locate the wind turbine enhances the accuracy of the estimation method. The ability of COI frequency to reflect system frequency responses and the cumulative effect of TFDI make the method effective and more flexible.
The method provides a simple approach to estimate the allowable amount of wind power that can be added to the grid without affecting system frequency security. The method is simple as it does not need complicated calculations or historical data.
In future work the artificial intelligent technique could be used to rank system contingencies using TFDI and based on COI frequency. The method will contribute effectively to existing knowledge of power system monitoring, control, and protection.
